Pulmonary hypertension (PH) is defined by elevated mean pulmonary artery pressure following the pathological remodelling of small pulmonary arteries. An increase in right ventricular (RV) afterload results in RV hypertrophy and RV failure. The pathophysiology of PH, and RV remodelling in particular, is not well understood, thus explaining, at least in part, why current PH therapies have a limited effect. Existing therapies mostly target the pulmonary circulation. Because the remodelled RV fails to support normal cardiac function, patients eventually succumb from RV failure. Developing novel therapies that directly target the function of the RV may therefore benefit patients with PH. In the past decade, several promising studies have investigated novel cardioprotective strategies in experimental models of PH. This review aims to comprehensively discuss and highlight these novel experimental approaches to confer, in the long-term, greater health benefit in patients with PH.
Introduction
Pulmonary hypertension (PH) is defined as a mean pulmonary arterial pressure ≥25 mm Hg at rest, as assessed with right heart catheterization Simonneau et al., 2013) . It is a growing health burden in both developed and developing countries (Mocumbi et al., 2015) . The global prevalence of PH is not known, due to a lack of global PH registries (Thienemann et al., 2014) . In Europe, the prevalence of PH is calculated to range from 0.3 to 6%, and in particular, idiopathic PH affects approximately six individuals per million people (Humbert et al., 2006; Mocumbi et al., 2015) . A similar prevalence has been reported in Australia for PH secondary to left ventricular heart disease (0.33 to 6.6% per million people) (Lam et al., 2009; Strange et al., 2012) . The prevalence of PH on the African continent is not known (Mocumbi et al., 2015) , and therefore, a multinational multicentre registry of PH was recently established in Africa to describe PH presentation, severity, management, causes and comorbidities (Thienemann et al., 2014) . In South Africa, the Heart of Soweto cohort study captured 2505 cases with heart failure, of which one-third was diagnosed with right heart failure due to chronic lung disease (26%) and pulmonary artery hypertension (20%) (Sliwa et al., 2008; Stewart et al., 2011) . This study demonstrated that the prevalence of PH may not be as rare as thought to be.
PH develops in many clinical conditions, including human immune virus/acquired immune deficiency syndrome, sickle cell disease, systemic sclerosis, schistosomiasis, congenital heart disease and chronic obstructive pulmonary disease (Graham et al., 2010; Papamatheakis et al., 2014; Simonneau et al., 2009; Wrobel et al., 2012) . Based mainly on the aetiology of PH, it is classified into five groups (Task Force for D et al., 2009; Simonneau et al., 2013) , namely, group-1: pulmonary arterial hypertension; group-2: PH due to left heart disease, pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis; group-3: PH associated with lung disease; group-4: Chronic thromboembolic PH; and group-5: PH with unclear multifactorial mechanisms (Task Force for Diagnosis and Treatment of Pulmonary Hypertension of European Society of Cardiology (ESC) et al., 2009; Simonneau et al., 2013) .
The mortality of PH patients varies depending on the group of PH (Mocumbi et al., 2015) . Current PH treatments as described in the 2016 European Society of Cardiology/European Respiratory Society guidelines (Galie et al., 2016) have limited effects on patient mortality (Wang et al., 2014) and quality of life (Lang et al., 2006; Oudiz et al., 2009; Gomberg-Maitland et al., 2011; Hoeper, 2015; Speich et al., 2015) . This has sparked a research interest in the potential use of pharmacological cardioprotective therapies to provide additional health benefits against PH. At this time, cardioprotection in PH is a fairly new and experimental approach, but recent animal studies show noticeable benefit with a number of cardioprotective therapies. In this review, we provide a brief overview of the pathophysiology of PH and right ventricle (RV) remodelling, and we comprehensively discuss various cardioprotective therapies that may provide benefit to PH patients, if administered in conjunction with current treatments.
The right ventricle in pulmonary hypertension
The pathophysiology of PH is complex, and many diverse factors have been implicated as trigger events in the pulmonary vascular remodelling displayed in PH (Rabinovitch, 2012; Magne et al., 2015) (Figure 1 ). This leads to (i) increased/disorganized proliferation of endothelial cells, increased endothelial cell apoptosis as well as (ii) increased proliferation of pulmonary arterial smooth muscle cells (PASMCs) and resistance of PASMCs to apoptosis (Farber and Loscalzo, 2004; Jurasz et al., 2010; Summer et al., 2011; Prins and Thenappan, 2016) (Figure. 2). A more in-depth discussion of the pathophysiology of PH was recently reviewed elsewhere (see Prins and Thenappan, 2016 These Tables list key protein targets and ligands in this article that are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 ( a,b,c,d Alexander et al., 2015a,b,c,d) .
Figure 1
The complex nature of PH. A graphical representation of the two major anatomical sites of pathology in PH. This figure also outlines the range of factors that accompany both pulmonary vascular remodelling and RV remodelling.
Figure 2
A simplified representation of the remodelling of the pulmonary vasculature in PH. Here, it is clear how the lumen of the vessels are constricted which ultimately results in increased pressure. Adapted from Wilkins MR. 2012 (Wilkins, 2012) .
PH is strongly correlated with the RV structure and function (Vonk Noordegraaf and Galie, 2011) . The RV is structurally, geometrically and mechanically distinct from the left ventricle (LV) . It has a thinner wall than the LV, and it is half-moon shaped, which is reflective of low pressures in the pulmonary circulation (Figure 3) (Opie et al., 2006; Voelkel et al., 2006 Voelkel et al., , 2013b Bogaard et al., 2009; Handoko et al., 2010; Umar et al., 2012; Vonk-Noordegraaf et al., 2013) . The thin wall of the RV renders it vulnerable to acute increases in ventricular wall stress (Naeije and Manes, 2014) . During the initial stages of PH, increasing pulmonary vascular resistance and decreasing pulmonary vascular compliance increases afterload, but the RV can still cope (Vonk Noordegraaf and Galie, 2011; Vonk-Noordegraaf et al., 2013) . At this stage, RV systolic contraction is enhanced, and the RV undergoes concentric remodelling, while the right atrial pressure remains normal with a steep increase in mean pulmonary artery pressure and maintenance of cardiac index (Figure 3 ) (Vonk Noordegraaf and Galie, 2011; Vonk-Noordegraaf et al., 2013) . This is associated with increasing systolic and diastolic ventricular pressures, and increasing diastolic and systolic stretch on the RV wall, which leads initially to adaptive hypertrophy.
However, when RV afterload becomes excessively elevated, ventricular dilation occurs (Vonk Noordegraaf and Galie, 2011; Vonk-Noordegraaf et al., 2013) . The RV contractility remains constant in spite of further increase in RV load, a phenomenon described as RV uncoupling. The molecular mechanisms that halt further adaptation of the RV are not fully elucidated but include an imbalance of oxygen supply and demand and changes in cardiomyocytes and the extracellular matrix (Vonk Noordegraaf and Galie, 2011; Vonk-Noordegraaf et al., 2013) . Nonetheless, the RV dilation increases wall tension, which increases myocardial oxygen demand and decreases RV perfusion, thus leading to compromised contractility and dilatation. Increased pulmonary vascular resistance (e.g. as caused by pulmonary arterial constriction to mimic massive pulmonary embolism) leads to dilation and rapid spike failure of the RV (Naeije and Manes, 2014) . Furthermore, increased ventricular volume may lead to tricuspid regurgitation, caused by annular valve dilation and chordal traction that ultimately results in RV volume overload, further progressive annular dilation and RV remodelling (Vonk Noordegraaf and Galie, 2011; Vonk-Noordegraaf et al., 2013) . After the decline of RV function, increased RV contraction time and ventricular asynchrony and decreased RV stroke volume lead to suboptimal filling of the LV (Vonk Noordegraaf and Galie, 2011; VonkNoordegraaf et al., 2013) . The ventricular changes, together with systolic/diastolic RV dysfunction, contribute to the marked decline in cardiac output seen in severe PH (Vonk Noordegraaf and Galie, 2011; Vonk-Noordegraaf et al., 2013) . All together, these chains of events subsequently lead to RV failure if they occur without intervention (Vonk Noordegraaf and Galie, 2011; Vonk-Noordegraaf et al., 2013) .
Rationale for pharmacological cardioprotective therapies against pulmonary hypertension Therapy for PH includes general measures, initial therapy with high-dose calcium channel blockers in vasoactive patients followed by combination therapy with newer medical compounds (Galie et al., 2016) . These compounds alleviate pulmonary vascular tone by targeting three major pathways (1) endothelin-1 (ET-1) receptor-mediated vasoconstriction, (2) prostacyclin-mediated vasodilation and (3) phosphodiesterase type-5/guanylate cyclase-mediated vasodilation (Benza et al., 2015; Humbert and Ghofrani, 2015) . The current treatment regimen of PH is complex and varies depending on the group of PH (Galie et al., 2016) . Current PH treatments mainly target the pulmonary circulation, and considering the link between PH and the RV (Voelkel et al., 2006) , cardioprotective therapies may have a role to play (Vonk-Noordegraaf et al., 2013) . RV function correlates well with the prognosis of patients with Figure 3 Collation of all the molecular and cellular mechanisms invovled in the developing of RV remodelling in PH.
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PH and is a good predictor of patient survival (Voelkel et al., 2006; Handoko et al., 2010; Sztrymf et al., 2010; Vonk Noordegraaf and Galie, 2011; Vonk-Noordegraaf et al., 2013) . Current PH treatments only modestly improve RV function in PH patients (Brittain et al., 2013) , but cardioprotective therapies in addition to current treatments may provide greater cardioprotective benefit.
The purpose of cardioprotection in PH is not to stop the RV from remodelling, because this remodelling, as described earlier, is necessary for the heart to cope during PH. However, cardioprotection can be implemented in order to aid the RV and improve its functional properties in PH. If given as an adjunct, pharmacological cardioprotective treatment may provide the hope of improving quality of life and increasing survival of PH patients. In ventricular remodelling, a pathological stimulus (e.g. pressure/volume overload) induces cardiomyocyte growth/loss and activates cellular and molecular pathways that are associated with increased protein synthesis, addition of sarcomeres, cardiomyocyte apoptosis, cardiomyocyte energy metabolism, oxidative stress and sympathetic activation (Bogaard et al., 2009; Voelkel et al., 2012 Voelkel et al., , 2013b Ryan and Archer, 2014) ( Figure 3 ). Most of the promising cardioprotective therapies, currently under testing in preclinical studies, target these main molecular and cellular pathways (Table 1) .
Cardioprotective therapies targeting cardiomyocyte growth
Interference with the epigenetic control of cardiac gene transcription A genetic approach in the treatment of ventricular failure is the pharmacological inhibition of histone deacetylases (HDACs) (McKinsey, 2011; Cavasin et al., 2012; Wang et al., 2015a) . These HDACs are enzymes that remove acetyl groups from histone proteins and thus weaken the interaction between charged histones and the DNA backbone (Bush and McKinsey, 2010; McKinsey, 2011) . By doing this, HDACs cause relaxation of the chromatin structure, which enhances the access to transcription factors (Bush and McKinsey, 2010; McKinsey, 2011) . HDACs have a regulatory function in ventricular remodelling, and inhibitors such as trichostatin-A, valproic acid and mocetinostat have been tested in RV remodelling, with significant success (Zhang et al., 2002; Cao et al., 2011; McKinsey, 2011; Nural-Guvener et al., 2014) . Bogaard et al. (2011) , tested HDAC inhibitors in a rat model of pulmonary artery banding-induced RV hypertrophy. Four weeks after surgery, when RV hypertrophy was overt, trichostatin-A treatment was initiated (450 μg·kg À1 i.p., five times per week for a period of 2 weeks). Unfortunately, trichostatin-A worsened RV remodelling and decreased endothelial nitric oxide synthase gene expression, which was attributed to RV dilatation and capillary rarefaction (Bogaard et al., 2011) . The failure of trichostatin-A to protect against RV remodelling is ascribed to the inhibitory effect that HDAC suppression had on myocardial angiogenesis (Bogaard et al., 2011) . Although HDAC inhibition has positive effects on left ventricular remodelling secondary to pressure overload, the use of trichostatin-A is not appropriate to RV remodelling.
Another HDAC inhibitor, valproic acid, had been shown to prevent RV remodelling in both the pulmonary artery banding and monocrotaline models (Cho et al., 2010) . As previously mentioned, RV hypertrophy is necessary to compensate for high RV afterload in PH. Therefore, complete reduction of RV hypertrophy in PH may be detrimental. However, the inhibitor valproic acid was administered in drinking water, and therefore, the reduction in RV hypertrophy was Table 1 Preclinical pharmacological cardioprotective therapies tested in animal models of pulmonary hypertension ( -Not tested in PH --not in isolation but possibly associated with improved PH. Therefore, the reduced RV hypertrophy afforded by valproic acid may be considered beneficial. However, valproic acid is a non-specific inhibitor of HDACs that has a wide range of pharmaco-physiological effects, such as the regulation of ion channel opening and the expression of glycogen synthase kinase-3β and mitogen-activated protein kinases (McKinsey, 2011) . Due to the non-specific nature of valproic acid, its impressive stunting of RV hypertrophy should be interpreted with caution as it may have other systemic effects (McKinsey, 2011) . Therefore, it should be noted that more research is required before valproic acid can be implemented in a clinical setting.
On the other hand, selective class-1 inhibition of HDACs, with benzamide, attenuated RV hypertrophy in the chronic hypoxia model of PH (Cavasin et al., 2012) . Benzamide achieved its effects by decreasing caspase-3/7 activity and interleukin mRNA expression (IL-1β, IL-2) (Cavasin et al., 2012) . Benzamide reduced PH and RV hypertrophy and suppressed pathological gene expression, pro-apoptotic caspase activity and pro-inflammatory protein expression (Cavasin et al., 2012) . This suggests that selective HDAC inhibition and/or targeted drug delivery to the myocardium or lungs may provide cardioprotective benefit in PH. Although promising, the use of HDAC inhibitors as a cardioprotective target for RV remodelling in PH requires further investigation (Wang et al., 2015b) .
Interference with gene expression and micro-RNAs
Micro-RNAs (miRs) are short, non-coding ribonucleic acids that regulate gene expression at the post-transcriptional level (Latronico and Condorelli, 2011; Shah and Mann, 2011) . They are activated by cellular stress signals, and their regulatory function is achieved by inhibiting protein translation or promoting degradation of target messenger-RNAs (Wang et al., 2010; Latronico and Condorelli, 2011; Shah and Mann, 2011; van Rooij and Olson, 2012) . MiRs are highly conserved and instrumental in biological processes such as cardiovascular development and pathology (Wang et al., 2010; Latronico and Condorelli, 2011; Shah and Mann, 2011; van Rooij and Olson, 2012) . More specifically, they have important functions in the regulation of cardiomyocyte apoptosis, differentiation and proliferation (Pullamsetti et al., 2012) . In heart failure, a number of miRs are either up-or down-regulated including miR-17, miR-20a and miR-24 (Naga Prasad et al., 2009; Latronico and Condorelli, 2011; Shah and Mann, 2011; Pullamsetti et al., 2012) .
In chronic hypoxia and monocrotaline models of RV remodelling, inhibition of miR-17 with the antagomir-17 improved cardiac function (Pullamsetti et al., 2012) . Also, antagomir-20a significantly reduced RV hypertrophy in a mouse model of chronic hypoxia-induced RV hypertrophy (Brock et al., 2014) . Considering the shortfall of this model (see Maarman et al., 2013) , future studies could investigate the efficacy of miRs as a cardioprotective therapy in PH in a more appropriate PH model such as a multiple-pathologicalinsult model including monocrotaline plus pneumonectomy and chronic hypoxia plus SUGEN-5416 (see Maarman et al., 2013) . Nevertheless, the miRs have drawn much attention as novel cardioprotective targets for cardiovascular disease due to their cardiac specific nature, and they may also afford cardioprotection in PH (Boucherat et al., 2015) .
Interference with NFκ-B and modulation of notch signalling NF-κB is a key modulator of the notch signalling pathway and is involved in the development of PH (Fan et al., 2016; Kumar et al., 2012) . This complex juxtacrine signalling pathway is initiated by the interaction between notch transmembrane receptors (notch 1-4) and their ligands (jagged-1 and 2) (Niessen and Karsan, 2008; Rusanescu et al., 2008) . Notch/NF-κB signalling is further involved in development of the cardiovascular system and cardiovascular pathology, and it regulates a wide range of cellular processes, including cell fate determination, development, differentiation, proliferation, apoptosis and regeneration (Gude et al., 2008; Niessen and Karsan, 2008; Rusanescu et al., 2008; Rizzo et al., 2013) . Transgenic mice overexpressing the cardiac specific dominant-negative-IκB gene were injected with monocrotaline (60 mg·kg À1 , s.c.) (Kumar et al., 2012) . These mice displayed inhibited myocardial NF-κB activation compared with the wildtype mice (Kumar et al., 2012) . This inactivation of NF-κB prevented RV hypertrophy in spite of the presence of and restored expression of BMPR-2 and Smad signalling (Kumar et al., 2012) . These changes were observed in both cardiac and lung tissues. In untreated mice, activation of NF-κB decreased the expression of notch-3, BMP-2 and BMPR-2, reduced inhibitory of differentiation proteins, Smad-2 and 8, and increased Smad-4 expression and RV hypertrophy. These observations were abolished in the transgenic mice where cardiac-NF-κB activation was inhibited (Kumar et al., 2012) . These data strongly suggest that pharmacological modulation of the NF-κB/notch signalling-axis may be cardioprotective in PH.
Cardioprotective therapies targeting the sodium-hydrogen-exchanger 1 (NHE-1)
The transporter protein NHE-1 is an integral membrane glycoprotein, ubiquitously expressed in mammalian cells and responsible for the removal of intracellular protons from the cell at the expense of sodium ions (Karmazyn, 1999; Cingolani and Ennis, 2007; Karmazyn et al., 2008) . It is regulated by hormonal, paracrine/autocrine regulators, ribosomal-S-6-kinase and mechanical stretch (Wang et al., 1997; Moor and Fliegel, 1999; Karmazyn et al., 2008) . The involvement of NHE-1 in the cardiac hypertrophic response is thought to be initiated by mechanical stretch that stimulates NHE-1 activity via the activation of kinases such as protein kinase C or MAP kinases (Karmazyn et al., 2008) . The pro-hypertrophic activity of NHE-1 involves the activation of calcineurin, calmodulin-dependent-kinase-II and ROS (Karmazyn et al., 2008) , and the inhibition of phosphorylation-dependent NHE-1 activation in cardiomyocytes has been shown to occur via increased dephosphorylation by the catalytic subunit of protein phosphatase-2A (Snabaitis et al., 2006; Karmazyn et al., 2008) . In monocrotaline-induced RV failure, 7 days of treatment with the inhibitor of NHE-1 cariporide attenuated RV hypertrophy (Chen et al., 2001) . It also reduced the cardiac response to pulmonary vascular damage, and the cardioprotective effect was independent of the pulmonary vascular system (Chen et al., 2001) . In general, the mechanism underlying the cardioprotective effects of NHE-1 inhibition is based on two processes, prevention of calcium overload and opening of the mitochondrial permeability transition pore (Garciarena et al., 2008) . Even though the exact mechanisms are not fully elucidated, there is strong evidence suggesting that inhibition of the NHE-1 has therapeutic potential in PH-induced RV protection.
Inhibition of cardiomyocyte apoptosis
Apoptosis plays an important role in cardiac remodelling (Yaoita et al., 1998; Das, 2007; Shah and Mann, 2011) . In heart failure, apoptosis is triggered by activation of G-protein-coupled receptors, cytokines and increased ROS production (Shah and Mann, 2011) . The regulated and ordered nature of apoptosis, allows intervention at an early stage to prevent ultimate cell death (Yaoita et al., 1998; Das, 2007; Shah and Mann, 2011) . There are many proteins involved in apoptosis, with caspases being the most prominent proteins (Porter and Janicke, 1999) . In the monocrotaline model of PH-induced RV failure, cardiomyocyte apoptosis and the cell cycle are co-activated in RV segments (Ecarnot-Laubriet et al., 2002; Umar et al., 2012) . In a study by Ecarnot-Laubriet et al. (2002) , RV-cardiomyocyte apoptosis was associated with an increase of caspase-3 expression and down-regulation of the anti-apoptotic protein, Bcl-2. Anti-apoptotic approaches with similar efficacy that have not been tested in PH would include ZVAD-fmk (Yaoita et al., 1998) , aurintricarboxylic acid (Zhao et al., 2003; Das, 2007) , mitofusion-2 (Shen et al., 2007; Yu et al., 2011) and survivin (Lee et al., 2014) . In a recent study by Zungu-Edmondson et al. (2016) , rats were injected with SUGEN-5416, an inhibitor of vascular endothelial growth factor, and thereafter exposed to 3 weeks of hypoxia to induce PH (Zungu-Edmondson et al., 2016). These rats displayed elevated RV systolic pressure with significant RV myocyte apoptosis, associated with down-regulation of the anti-apoptotic protein Bcl-xL, down-regulated transcription factor GATA-4 (transcriptional regulator of Bcl-xL) and up-regulated p-53 (negative regulator of GATA-4 gene transcription). The PH-induced RV apoptosis was attenuated in p-53 knockout animals (Zungu-Edmondson et al., 2016). Despite a major loss of RV cardiomyocytes due to apoptosis, RV contractility was enhanced, suggesting that the remaining myocytes can perform improved contractile functions (Zungu-Edmondson et al., 2016) . These data suggest that RV decompensation is associated with cardiomyocyte apoptosis, and the remaining myocytes are capable of sustaining RV contractility (Zungu-Edmondson et al., 2016) .
Although apoptosis modulators have not been tested in patients with PH-induced RV failure, their use may confer cardioprotection in PH as cardiomyocyte apoptosis is also instrumental in this type of RV failure (Ecarnot-Laubriet et al., 2002; Umar et al., 2012) . Caution should be taken with apoptosis inhibitors: If administered systemically, they may affect other organs, as apoptosis plays an important physiological role overall. Pharmacological inhibition of apoptosis may therefore be a long way from being tested in the clinical setting against PH, but its efficacy may be improved by targeting it towards the affected RV. However, taken together, current evidence suggest that inhibition of various steps in the apoptotic signalling pathway may be cardiopotective in PH, although further investigation is necessary.
Cardioprotective therapies targeting cardiomyocyte energy metabolism
When cardiomyocytes are exposed to decreased oxygen levels, they shift energy metabolism from oxidative phosphorylation to glycolysis, a shift which is reversed when oxygen levels return to normal (Stanley et al., 1997; Taegtmeyer, 2000; Stanley, 2004; Taegtmeyer, 2004; Stanley et al., 2005; Lopaschuk et al., 2010) . In PH, the RV displays metabolic remodelling, which is associated with decreased angiogenesis and a transition from a compensated to a decompensated state (Sutendra et al., 2013) . In response to pressure overload, cardiomyocytes develop a metabolic phenotype known as the 'glycolytic shift' that is characterized by increased glycolysis (Piao et al., 2010; Tuder et al., 2012) . The general concept is that increased glucose oxidation might ameliorate cardiac function during cardiac pathology (Stanley, 2004; Stanley et al., 2005; Lopaschuk et al., 2010; Maarman et al., 2012) . In the monocrotaline and pulmonary artery banding animal models of RV remodelling, dichloroacetate increased glucose oxidation by inhibiting pyruvate dehydrogenase kinase treatment and prevented RV hypertrophy (Piao et al., 2010) . It also increased the expression of glucose transporter-1 and pyruvate dehydrogenase and restored the expression of the voltage-gated potassium channels (K v 1.5 and K v 4.2). This led to increased RV glucose oxidation, increased cardiac work, improved RV repolarization and improved RV function (Piao et al., 2010) . These results have recently been corroborated by Sun et al. (2016) who administered dichloroacetate in monocrotalineinduced PH (Sun et al., 2016) . Furthermore, partial inhibition of fatty acid oxidation with trimetazidine and ranolazine increased cardiac output and exercise capacity in the pulmonary artery banding model of RV hypertrophy (Piao et al., 2010) .
Abnormal fatty acid metabolism arising from increased fatty acid uptake (via fatty acid transporter, CD-36) and disproportionate β oxidation may also cause RV dysfunction in PH (Sakao et al., 2015; Talati and Hemnes, 2015) . Cytoplasmic lipids (triglycerides, ceramides and diacylglycerol) can then accumulate and lead to lipotoxicity (Talati and Hemnes, 2015) . Although some experimental interventions aim to improve RV dysfunction by targeting fatty acid or glucose metabolism, there is a lack of a deeper understanding of the complex mechanisms involved in the metabolic remodelling of the RV in PH (Talati and Hemnes, 2015) . Although these pharmacological treatments appear very effective, one should keep in mind that they are not cardiac specific and may have widespread systemic effects (Tuder et al., 2012) . Nevertheless, these studies do suggest that dichloroacetate, trimetazidine and ranolazine may be considered as cardioprotective treatments for PH-induced RV remodelling. Furthermore, pharmacological manipulation of cardiomyocyte energy metabolism has been shown effective in the clinical setting (Guarini et al., 2016) . Therefore, compared with other experimental cardioprotective approaches, interventions targeting energy metabolism may be closer to clinical implementation.
Cardioprotective therapies targeting mitochondrial dynamics
Mitochondria consume oxygen in order to produce energy. During this process, ROS are produced at complex-I and II of the electron transport chain (Weir et al., 2005) . Mitochondria-derived ROS can regulate membrane voltagegated potassium channels or components of the hypoxia inducible factor-1 α (HIF-1α) -signalling pathway in order to induce PASMC contraction (Sutendra and Michelakis, 2014) . In recent years, mitochondria have increasingly received attention as important players in the pathogenesis of remodelling in PH as they can potentially regulate PASMC apoptosis/resistance to apoptosis and activation of the NLRP-3 inflammasome (Kepp et al. (2011); Dromparis et al., 2010; Freund-Michel et al., 2014; . Aside from its role in the lung, they are equally important in RV remodelling in response to PH (Tang et al., 2002; Vonk-Noordegraaf et al., 2013; . In PH, the RV displays decreased mitochondrial content, mitochondria with abnormal shape and size, impaired fatty acid oxidation and a glycolytic shift towards glycolysis (Enache et al., 2013; Gomez-Arroyo et al., 2013; Vonk-Noordegraaf et al., 2013; Balestra et al., 2015; Bruns et al., 2015; Sun et al., 2016) . In PH, cardiomyocytes have a mitochondrialmetabolic phenotype similar to cancer . This phenotype includes increased energetic reliance on aerobic glycolysis; inhibition of mitochondrial respiration due to pathological activation of transcription factors (cMyc, fork head transcription factor and HIF-1α) and pyruvate dehydrogenase kinase-induced pyruvate dehydrogenase inhibition . Furthermore, in the hypertrophied RV, cancer-like metabolic changes, aerobic glycolysis and glutaminolysis reduced energy production and contractility . Mitochondrial fragmentation contributes to the proliferative, apoptosisresistant phenotype of PH . Therefore, RV remodelling in PH is strongly linked with changes in mitochondrial dynamics of the RV.
Experimental studies using animal models of PH have identified the therapeutic benefits of targeting mitochondrial dynamics with reduced mitofusin-2 and dynamin-related protein-1 (Marsboom et al., 2012; Ryan et al., 2013) . These interventions regressed pulmonary vascular obstruction and improved haemodynamic and RV contractility, increased cardiac output and reduced RV remodelling (Marsboom et al., 2012; Ryan et al., 2013) . Other possible therapeutic targets could also be mitochondria-specific drugs that aim to modulate mitochondrial function/efficiency (Enache et al., 2013; Gomez-Arroyo et al., 2013; Balestra et al., 2015) . There is a need for future studies that investigate the full scope of RV-mitochondrial dysfunction in models of PH. This will provide better understanding of how PH affects the RV mitochondria, and this, in turn, will allow the development of cardioprotective therapies that target the mitochondrial milieu.
Cardioprotective therapies targeting oxidative stress
Oxidative stress is characterized by the increased production of oxidants such as ROS (including superoxide anion radical, hydrogen peroxide and hydroxyl radical) and insufficient levels/activities of antioxidant enzymes (including superoxide dismutase, catalase and glutathione peroxidase) (Bowers et al., 2004; Suzuki et al., 2013; Wong et al., 2013; Voelkel et al., 2013a) (Figure 4) . It is well known that a disease such as PH enhances the production of ROS and reduces
Figure 4
ROS and the damage they do to cellular lipids, DNA and proteins. A reduced expression and activity of antioxidant enzymes and increased ROS production lead to increased oxidative stress. Therefore, a potential role for antioxidant therapy in PH induced oxidative stress might be predicted.
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antioxidant enzyme activity (Demarco et al., 2010; Wong et al., 2013; Voelkel et al., 2013a) . This results in an oxidative damage to crucial cellular components such as DNA, proteins and lipids (Demarco et al., 2010; Wong et al., 2013; Voelkel et al., 2013a) . Oxidative damage elevates the levels of breakdown products during oxidative processes which can be detected in plasma, serum or urine samples of patients with PH (Demarco et al., 2010) . Breakdown products and markers of oxidative stress include malondialdehyde, F2-isoprostane, 8-hydroxyguanosine, protein carbonyl content and nitrotyrosine (Figure 4) .
As mentioned previously, oxidative stress plays an instrumental role in the pathogenesis of PH, as it can exacerbate endothelial dysfunction in the small pulmonary arteries (Bowers et al., 2004; Farber and Loscalzo, 2004; Farkas et al., 2009; Demarco et al., 2010; Summer et al., 2011) . Furthermore, an array of pulmonary cells generates ROS mediated by alveolar macrophages via NADPH oxidase or mitochondrial electron transport chain (Farley et al., 2009) . Another source of ROS in PH is endothelial NO synthase (eNOS) uncoupling caused by genetic mutations in the Alk-1 gene (Jerkic et al., 2011; Dubois et al., 2013) . Uncoupling between eNOS protein and NO production causes a switch in eNOS activity to generate superoxide rather than NO (Bouloumie et al., 1997) . This uncoupling of eNOS and the consequent increase in ROS contribute to pulmonary vascular remodelling in PH (d'Uscio, 2011) . Emerging evidence suggests that increased ROS production also contributes to RV hypertrophy and diastolic failure in PH (Rawat et al., 2014) . In the monocrotaline model of PH, markers of oxidative stress (such as hydrogen peroxide and thioredoxin reductase activity) were increased in the RV but not the LV (Redout et al., 2010) . These results were challenged when oxidative stress was also increased in the LVs of monocrotaline rats (Leichsenring-Silva et al., 2011) . At first, this may seem puzzling as it is known that pathological remodelling of the RV affects the LV with regard to contractility and ejection fraction (Vonk Noordegraaf et al., 1997) . Taken together, these studies suggest that oxidative stress is central to the development of ventricular remodelling and builds a strong case for the use of antioxidant therapy as a RV protective treatment in PH. A number of studies have investigated the effects of various antioxidants in animal models of PH.
In a monocrotaline-induced PH model, EUK-134 (a superoxide dismutase and catalase mimetic) treatment given chronically on the 10th day after injection of monocrotaline attenuated RV hypertrophy and oxidative stress and prevented interstitial fibrosis (Redout et al., 2010) . This suggests that EUK-134 administration in PH at a progressed stage may provide health benefit. The attenuation of RV hypertrophy in this study was associated with improved mRNA expression of myosin heavy chain-β. Ahmed et al. (2012) examined mice, with overexpressed extracellular superoxide dismutase that were subsequently exposed to hypoxia for 10 days (10% fraction of inspired oxygen). After the hypoxic protocol, mice had lower lung-tissue levels of xanthine oxidase and ROS as well as improved RV hypertrophy (Ahmed et al., 2012) . Resveratrol (a polyphenol compound with strong antioxidant, anti-inflammatory and endothelial protective properties) treatment started 1 day after monocrotaline injection (25 mg·kg À1 ·day À1 i.p.) attenuated RV remodelling as well as oxidative stress levels in lung tissue after 21 days (Csiszar et al., 2009) . In a different study, intragastric resveratrol treatment (10 and 30 mg·kg À1 twice daily for 21 days) improved PH and RV remodelling in monocrotaline-induced PH (50 mg·kg À1 i.p.) . This was associated with a reduction in cardiomyocyte apoptosis . Oral resveratrol treatment (3 mg·kg À1 ) also attenuated monocrotaline-induced PH and RV remodelling (Paffett et al., 2012) . What makes the latter study so relevant is the fact that resveratrol treatment was started on day 28 after the monocrotaline injection (50 mg·kg À1 i.p.). This is important, because at this time point, the disease is at a late stage and it therefore suggests that pharmacological antioxidant treatment may be effective in late-stage PH. Although the authors of both studies described above did not directly measure markers of oxidative stress, it is appropriate to speculate that the beneficial effects of resveratrol may be due to its potent antioxidant properties Wong et al., 2013; Voelkel et al., 2013a) . Melatonin, a hormone synthesized in the pineal gland and the gastrointestinal system, is a strong antioxidant. Our group recently administered melatonin to rats with monocrotaline-induced PH and RV remodelling (Maarman et al., 2015) . We were able to show that melatonin (6 mg·kg À1 in drinking water) reduced RV hypertrophy, improved cardiac function, reduced cardiac interstitial fibrosis and reduced plasma oxidative stress (Maarman et al., 2015) , and this effect was still significant even if the treatment with melatonin started once the disease had already developed. These data strongly suggest that melatonin should be considered as a safe cardioprotective therapy against RV failure in PH.
It is important to mention that even though oxidative stress is detrimental in the pulmonary vasculature and in cardiac remodelling, its actions in the heart are somewhat complex Wong et al., 2013; Voelkel et al., 2013a) . ROS play two major roles in the heart, which include its ability to cause injury to cell components as well as antioxidant defence Wong et al., 2013; Voelkel et al., 2013a) . Piantadosi et al. showed that ROS play a crucial role in antioxidant-induced cardiac mitochondrial biogenesis by liberating, stabilizing and translocating the transcription factor, nuclear respiratory factor-2 (NRF2), to the nucleus (Piantadosi et al., 2008) . Upon activation by ROS, NRF2 subsequently binds to many antioxidant-response element motifs, which bring about regulation of mitochondrial biogenesis in conjunction with PPAR-γ coactivator-1-α (Piantadosi et al., 2008) . This suggests that ROS enables the cardiomyocyte to 'sense' damage and counteract ROS-induced damage as an adaptive response (Piantadosi et al., 2008; Wong et al., 2013) . Therefore, although antioxidant therapy in experimental PH and RV remodelling is strikingly beneficial, it presents a potential challenge as ROS play an important physiological role in cardiovascular health and pathology Wong et al., 2013; Voelkel et al., 2013a) . This physiological balance should be kept in mind when ROS scavenging or antioxidant treatments are administered, as complete depletion of ROS may be detrimental. Nevertheless, antioxidant therapy remains an attractive therapeutic target to protect the RV in PH.
Interrogation of PH animal models and their clinical translatability
The findings discussed in this review were generated in various animal models of PH, including monocrotaline, transgenic mice, pulmonary artery banding and chronic hypoxia. These findings show that the abovementioned treatment strategies are able to protect the RV in PH. However, these models do not fully develop PH or RV remodelling to the same extent humans do, and this should be considered when inferences are drawn from the data.
The monocrotaline model displays severe PH, in addition to a direct toxin effect on the myocardium resembling myocarditis, which is not observed in humans with severe PH . This suggests that the pathophysiology of monocrotaline-induced PH and its effects on the RV are somewhat different to the clinical disease profile. In the light of this, it could be argued that one should carefully interpret the clinical applicability of RV protective agents tested in the monocrotaline model. However, whether or not monocrotaline induces myocarditis-like features, it still causes severe PH and overt RV remodelling. Therefore, there is no reasonable argument against the clinical applicability of cardioprotective agents tested in the model. That being said, as with most animal studies, their findings can only be implemented in the clinical setting if supported by clinical data from well-designed clinical trials.
Transgenic mouse models are useful in the investigation of signalling pathways that underlie PH. However, in the clinical setting, PH patients mostly display mutations in the BMPR-2 gene or related genes. As discussed in this paper, transgenic mice were used in which a cardiac specific dominant-negative-IκB gene was overexpressed (Kumar et al., 2012) . Considering the spectra of gene mutations involved in human PH, a model such as the IκB gene overexpression mice does not allow clinical applicability or translatability. On the contrary, findings made in these mice are not to advocate clinical implementation of experimental drugs, but they are rather used to further investigate and understand isolated molecular pathways in PH. Additionally, the model provides important information regarding the cardioprotective effect generated when pharmacological agents are used to modulate the NF-κB/notch signalling axis.
The pulmonary artery banding model develops RV remodelling but not PH (see Maarman et al., 2013) . Therefore, although it is a preferred model to study RV remodelling in isolation, it does not provide the advantage of studying RV remodelling as induced by PH. Understandably so, the lack of PH in this model may suggest that different molecular pathways are activated to bring about RV remodelling. Moreover, it could be speculated that the absence of PH may cause RV remodelling that is not as pronounced as in the presence of PH. If this speculation holds true, it could mean that cardioprotective pharmacological agents tested in this model may not have the same efficacy when tested in the clinical setting. Further research should therefore be done to assess these agents in more clinical relevant models, such as the multiple pathological-insult models reviewed elsewhere (Maarman et al., 2013) .
The chronic hypoxia-induced PH model has been widely criticized because its PH and RV hypertrophy are reversible.
Whereas this is not the case for patients with PH and affected RV (Voelkel and Tuder, 2000) . This casts doubt on the true efficacy of cardioprotective pharmacological agents if returning these rats to normal oxygen can just as efficiently reverse their PH and RV remodelling. Therefore, we propose that future studies investigate the efficacy of cardioprotective pharmacological agents in rats with RV remodelling induced by both chronic hypoxia and SUGEN-5416 (Maarman et al., 2013) . It is crucial that the promising cardioprotective effects of the discussed pharmacological strategies be considered with caution. Furthermore, their safety, toxicity and tolerability should be tested to ensure that long-term use does not cause adverse effects.
Conclusions
Preclinical research in PH has broadened its scope with a new focus on cardioprotective treatments, which could be given adjunctively to current PH pulmonary-targeted treatments. The hope is to provide greater health benefit as these cardioprotective treatments may protect the RV, in conjunction with treatments targeted at the pulmonary circulation. We have discussed the available studies that tested cardioprotective treatments and were able to demonstrate improved cardiac function and PH symptoms. There is an important role for cardioprotective treatments in PH, but more studies are needed to confirm the benefit of these treatments in preclinical studies before translation can be considered.
